The formamidopyrimidine-DNA glycosylase (Fpg, MutM) is a bifunctional base excision repair enzyme (DNA glycosylase/AP lyase) that removes a wide range of oxidized purines, such as 8-oxoguanine and imidazole ring-opened purines, from oxidatively damaged DNA. The structure of a non-covalent complex between the Lactoccocus lactis Fpg and a 1,3-propanediol (Pr) abasic site analogue-containing DNA has been solved. Through an asymmetric interaction along the damaged strand and the intercalation of the triad (M75/R109/F111), Fpg pushes out the Pr site from the DNA double helix, recognizing the cytosine opposite the lesion and inducing a 60°bend of the DNA. The speci®c recognition of this cytosine provides some structural basis for understanding the divergence between Fpg and its structural homologue endonuclease VIII towards their substrate speci®cities. In addition, the modelling of the 8-oxoguanine residue allows us to de®ne an enzyme pocket that may accommodate the extrahelical oxidized base. Keywords: AP site/base excision repair/crystal/ Endo VIII/Fpg Crystal structure of the Lactococcus lactis formamidopyrimidine-DNA glycosylase bound to an abasic site analogue-containing DNA
Introduction
Reactive oxygen species represent a major source of spontaneous damage to DNA. DNA lesions interfere with both the ef®ciency and ®delity of DNA replication, inducing pathological cellular processes such as mutagenesis, carcinogenesis and ageing (Lindahl, 1993) . The 7, and imidazole ringopened purines (Fapy) are among the most abundant oxidized purine products in DNA (Cadet et al., 1997) . To avoid the potentially mutagenic and lethal effects of these DNA lesions, prokaryote and eukaryote cells have devised speci®c DNA repair strategies (Lindahl, 1993) .
The bacterial formamidopyrimidine-DNA glycosylase (Fpg or MutM) is one of the enzymes that initiates the base excision repair (BER) pathway. The Escherichia coli Fpg was identi®ed initially as a DNA glycosylase that removes methylated Fapy-G residues in DNA (Chetsanga and Lindahl, 1979) and it was characterized further as having the ability to excise a wide range of oxidized bases such as 8-oxoG (Tchou et al., 1991; Duarte et al., 2000) . Fpg also displays AP lyase activity, promoting the successive DNA strand cleavages at both the 3¢-and 5¢-phosphodiester bonds of the abasic (AP) site by a bd-elimination mechanism (O'Connor and Laval, 1989) . Besides these main activities, Fpg is also endowed with a dRpase activity able to cleave a 5¢-pre-incised AP site at the 3¢ side (Graves et al., 1992) . Therefore, Fpg belongs to the bifunctional DNA glycosylase family, distinguished from the monofunctional family by its ability to form a transient imino enzyme±DNA intermediate between the C1¢-aldehyde of the AP site and the amino group of its N-terminal proline (Zharkov et al., 1997) .
The cloning of the fpg gene and the isolation of an fpg ± E.coli mutant have contributed signi®cantly to the elucidation of the biological role of the enzyme (Boiteux et al., 1987; Boiteux and Huisman, 1989; Michaels and Miller, 1992) . The fpg ± mutant is unable to repair the lethal oxidative DNA damage induced by methylene blue plus visible light (Czeczot et al., 1991) and is characterized by a spontaneous G®T mutator phenotype (Michaels et al., 1991) . Furthermore, G®T transversions are clearly associated with the formation of 8-oxoG residues in DNA (Tchou et al., 1991) . An important physiological function of Fpg is therefore to protect the cell from the mutagenic effects of 8-oxoG lesions in DNA.
The known sequences of Fpg display up to 35% identity, especially in the N-terminal extremity containing the catalytic P1 (PELPEVET motif) and in the C-terminal zinc ®nger motif required for DNA binding . Among DNA glycosylases, E.coli endonuclease VIII (Endo VIII) is the only one that displays sequence homology with Fpg (12% identity), although these two enzymes have distinct substrate speci®cities (Jiang et al., 1997) .
The crystal structure of the free Fpg protein from the extremophile Thermus thermophilus (TtFpg) was solved at 1.9 A Ê resolution (Sugahara et al., 2000) . TtFpg consists of two domains, the C-terminal domain including the zinc ®nger motif, and the H2TH motif related to the HhH motif of E.coli Endo III (Thayer et al., 1995) . The P1 of the active site emerges at the bottom of an electropositive cleft (Sugahara et al., 2000) . Recently, the crystal structure of the E.coli Endo VIII cross-linked to an AP site-containing DNA showed that the bound DNA is kinked sharply by enzyme residues that are intercalated at the lesion site (Zharkov et al., 2002) .
In previous work, we studied abortive complexes to investigate the structural and/or functional features of the target DNA required for DNA recognition by Fpg (Castaing et al., 1999) . The enzyme contacts 5±6 nucleotides (including the AP site) in the vicinity of the DNA damage and only the cytosine opposite the lesion (Castaing et al., 1999) . However, biochemical studies do not provide detailed information about the Fpg structural features involved in DNA binding.
Here, we report the 2.5 A Ê resolution crystal structure of a non-covalent complex between the Lactococcus lactis Fpg protein and the 1,3-propanediol (Pr) site-containing DNA duplex, a high af®nity AP site analogue (Castaing et al., 1999) . This complex mimics an event which precedes the Schiff base formation and, subsequently, the AP lyase reaction.
Results and discussion
The mutant P1G-LlFpg was crystallized complexed to a 13mer DNA duplex containing the Pr abasic site analogue. As previously described, our choice of the catalytically defective mutant P1G-LlFpg was motivated by its higher stability towards proteolysis compared with the wild-type LlFpg or EcFpg (Pereira de Je Âsus et al., 2002; B.Castaing, unpublished data) . In addition, this mutant binds to DNA with the same af®nity as does the wild-type protein and probably retains all structural determinants for recognition of the DNA lesion.
The crystals contain two essentially identical Fpg±DNA complexes per asymmetric unit (r.m.s.d. = 0.19 A Ê on 260 C a using the program O, and the LSQ option; Jones et al., 1991) . Only a few small differences, which may arise from crystal packing, are located in some protein loops. For the sake of clarity, we will focus our analysis on only one of the complexes.
Overall structure of the Fpg±DNA complex The global structure of the LlFpg±DNA complex is shown in Figure 1 . LlFpg consists of two globular domains: the N-terminal domain composed of an antiparallel b-sandwich core (b-strands 1±8 and the a-helices A and B) and the C-terminal domain constituted by two subdomains: an a-helix-rich domain (a-helices C±E) containing the H2TH motif (a-helices D and E) and the zinc ®nger domain (b9±b10 hairpin). Between the free TtFpg (Sugahara et al., 2000) and the bound LlFpg, the r.m.s.d. calculated on 230 C a atoms is~1.25 A Ê ( Figure 2 ). If we dock the DNA of the complex with the free TtFpg, the ®t is convincing without many protein rearrangements ( Figure 3 ). The main atom displacements between the free and bound structures are clustered: (i) in the vicinity of the damaged site; (ii) in the conserved loop 256±261 of the zinc ®nger motif, shifted by 3 A Ê towards the surface in the liganded enzyme; and (iii) in the variable interdomain region 117±131 ( Figure 2 ). This last region exhibits an a-helical conformation in the LlFpg±DNA structure (in yellow, Figure 1 ) and a random coiled structure in the free TtFpg. This local deviation could be related to sequence differences rather than to the DNA binding. Thus, this DNA±protein complex would be achieved without any special hinge effect between the two globular domains of Fpg ( Figure 2 ). The DNA binding requires both globular domains of Fpg, the relative orientations of which being constrained by an internal hydrogen bond network (Sugahara et al., 2000) . In addition to the two C-terminal subdomains, i.e. the zinc ®nger and the H2TH (in green and orange, respectively, Figure 1 ) (O'Connor et al., 1993; Sugahara et al., 2000) , Sugahara et al. (2000) . The N-terminal domain is coloured in dark blue, the four-helix bundle subdomain in red and orange, and the zinc ®nger subdomain in green. An additional secondary structure is represented in yellow. The zinc atom is in grey and the molecule of glycerol is represented by small cyan ball-and-stick. The ®gures were generated by Molscript (Kraulis et al., 1991) and Raster3-D (Merritt and Murphy, 1994) . four loops of the N-terminal domain participate in the DNA binding (in blue, Figure 1 ). The LlFpg residues interacting with DNA nucleotides are K57, Y58, H72, R74, M75, H91, R109, K110, F111 and T113 located in the N-terminal domain, L161, Q163, G170 and N171 in the H2TH motif, and K254, K256 and R260 in the zinc ®nger motif (for details see below).
An earlier description of the Fpg surface pointed out a large positive patch able to neutralize the negatively charged phosphodiester backbone of DNA (Sugahara et al., 2000) . Actually, the 13mer Pr/C duplex ®ts nicely into the positively charged surface formed by the two Fpg globular domains, indicating that the recognition of DNA by the enzyme would be initiated by electrostatic interactions (Figure 3 ). This classical strategy has not been selected by the glycosylases of the Endo III superfamily, such as the human Ogg1 (Bruner et al., 2000) , E.coli AlkA (Hollis et al., 2000) or human UDG (Parikh et al., 1998) , which used dipolar interactions. A positively charged DNAbinding cleft has also been described for E.coli Endo VIII, the Fpg structural homologue (Zharkov et al., 2002) .
The formation of the LlFpg±DNA complex leads to a large buried but accessible surface of 2000 A Ê 2 (calculated with GRASP), comparable to that of the hOGG1±DNA complex (2268 A Ê 2 ) (Bruner et al., 2000) , but larger than those of the hANPG±DNA (1043 A Ê 2 ) (Lau et al., 1998) , hUDG±DNA (750 A Ê 2 ) (Parikh et al., 1998) and E.coli AlkA±DNA (600 A Ê 2 ) complexes (Hollis et al., 2000) . Interestingly, the crystal structure of E.coli Endo VIII covalently bound to an abasic site-containing DNA displays an interaction surface of only 860 A Ê 2 (Zharkov et al., 2002) .
Whereas there is no signi®cant domain rearrangement between the free TtFpg and the bound LlFpg (this work), (Sugahara et al., 2000) and the bound LlFpg (in yellow). The arrow in magenta indicates the missing loop, and arrows in cyan indicate some rearrangements in the N-terminal domain and in the zinc ®nger motif. The ®gures were generated by Molscript (Kraulis et al., 1991) and Raster3-D (Merritt and Murphy, 1994). there are, however, slight differences in the relative orientations of their two domains between the free TtFpg and the covalently bound Endo VIII (Zharkov et al., 2002) . These global structural differences between Fpg and Endo VIII and the differences in their interaction surfaces with DNA may re¯ect the substrate speci®city of each protein. However, it cannot be excluded that these differences in DNA binding are related to the type of protein±DNA complex that we compare. The non-covalent complex that we describe with LlFpg is prior to the formation of the Schiff base intermediate (see Introduction) , which is mimicked by the covalent reduced Schiff base of the Endo VIII±DNA complex. Thus, the differences between Fpg and Endo VIII complexed with DNA could also result from the dynamics of the enzyme±DNA interface during the reaction.
DNA distortion: global description
The most remarkable feature of this complex is the sharp kink of the DNA towards the major groove at the Pr site level, with a distortion angle~60°( Figure 1 ) (CURVES; Lavery and Sklenar, 1989) . This DNA distortion results from extensive contacts with the lesion-containing strand distributed around the damaged site (from p 1 to p ±3 ) and involving essentially the two phosphates¯anking the Pr site (p 0 and p ±1 , respectively). Conversely, the Pr moiety does not make close contacts with the enzyme residues (Figure 4 ).
At the recognition site, the local DNA parameters are strongly altered with respect to those of B-DNA. The Pr site displays an extrahelical conformation resulting from rotations around the p 0 ±O5¢ bond (a = ±89°), the C5¢±C4¢ bond (g = ±52°) and the O3¢±p ±1 bond (z = ±62°). Furthermore, the phosphate±phosphate distances clearly indicate a compression of the DNA at the lesion site (6.7 A Ê in the standard B-DNA, against 5.4±6.0 A Ê for nucleotides 6±9 of the lesion-containing strand, and 5.5±5.8 A Ê for nucleotides 18±20 of the complementary strand). The DNA bend in the Fpg±DNA complex is larger than that observed with human UDG or ANPG (~45°and 22°, respectively; Lau et al., 1998; Parikh et al., 1998) , but comparable to that observed with the human Ogg1 (~70°; Bruner et al., 2000; Norman et al., 2001) , E.coli AlkA (~66°; Hollis et al., 2000) and T4 Endo V (~60°; Vassylyev et al., 1995) . In the covalent complex of Endo VIII±DNA, the bend is only 45°and it seems that Endo VIII does not use a backbone compression mechanism as do Fpg and hOgg1 (Zharkov et al., 2002) .
Such a distortion in the free DNA containing an AP site has never been observed in either the solution or the crystal structures (Kalnik et al., 1989; Cuniasse et al., 1990; Goljer et al., 1995) . Outside the immediate vicinity of the lesion, the conformational parameters of the DNA are close to those of the B-form (CURVES; Lavery and Sklenar, 1989) . In the complex, the unusual distortion of the helical axis of the Pr-containing DNA appears as a result of its binding to Fpg in the absence of the unexpected nucleotide sequence and crystal packing effects.
Fpg structural determinants for damage-speci®c recognition
The speci®city of the recognition is centred on the Prcontaining strand (nucleotides 5±9) and on the estranged cytosine (C20) ( Figure 4 ). This observation correlates well with the footprinting experiments done with EcFpg and LlFpg bound to a 59mer DNA containing a unique Pr site within the same sequence context as that of the 13mer duplex used for crystallization (Castaing et al., 1999) .
The Fpg residues in contact with the DNA can be classi®ed into two categories: (i) those strictly conserved within the Fpg superfamily (including Endo VIII), i.e. K57, H72, Q163, G170, N171 and R260, and less strictly, K254, probably related to the general binding mode and catalytic mechanism of this protein family; and (ii) those only conserved among the`true' Fpgs, i.e. M75, H91, R109, F111 and L161. We may also add to this second category Y58 and K110, from the N-terminal domain, possibly related to the substrate speci®city of Fpg (Figures 4 and 5) .
A detailed view of the interactions at the Pr site is presented in Figure 6 . Among the zinc ®nger residues that are in contact with the DNA, the conserved R260 plays a key role in stabilizing the Pr site in an extruded conformation. The R260 guanidinium group links the p ±1 and p 0 phosphates by two hydrogen bonds. This double interaction would contrast with the electrostatic repulsion between the phosphates adjacent to the lesion. Interestingly, in the free enzyme, this guanidinium group (R253 in TtFpg) interacts with the side chain of N161 (N171 in LlFpg), another conserved residue of the H2TH Fig. 4 . Schematic representation of Fpg±DNA contacts. Amino acid residues are painted according to the colour code used in Figure 1 . Asterisks mark the residues conserved between the Fpg and Endo VIII sequences. Underlined residues represent residues conserved among the Fpg sequences only. The pre®x`mc' stands for main chain atoms. Small circles represent the water-mediated interactions. The Pr site and its opposite cytosine (C20) are indicated in pink. The DNA backbone phosphates contacted by the enzyme are in yellow.
Crystal structure of a L.lactis Fbg±DNA complex subdomain ( Figure 5 ). In the Fpg±DNA complex, the N171:R260 contact is absent and the N171 side chain has swung towards the p 0 phosphate and K57 ( Figure 6 ).
The conformation of the extruded Pr site and the recognition of the estranged C20 are related to the intercalation of three key residues of the N-terminal domain (M75, R109 and F111) inside the hole created by the exclusion of the Pr site ( Figure 7) . These residues are strictly invariant within`true' Fpgs. In E.coli Endo VIII, Q69, L70 and Y71 play an equivalent intercalating role in DNA (Zharkov et al., 2002) . The major differences between the free (TtFpg) and bound enzymes (LlFpg± DNA) are observed for the side chains of these three residues (Figures 7 and 8) . The aromatic ring of F111 rotates by 90°and wedges its aryl ring into the space between C20 and A19; the R109 guanidinium group moves closer to the F111 ring and interacts with C20; and, in addition, the S-CH3 group of M75 is pulled away, in front of F111 ( Figure 8 ). The F111±M75 residue pair is stacked in the minor groove between the A19:T8 base pair and the`base±amino acid' pair C20±R109 (Figure 8 ). Calculation of the molecular surface makes it even more obvious that these small rearrangements enable the enzyme structure to clamp tightly around the lesion and (Thompson et al., 1994) and is represented with ESPrit (Gouet et al., 1999) . maintain the bent conformation of the DNA. The intercalation of these three residues occurs by the minor groove side, shifting C20 slightly towards the major groove ( Figure 8 ). They ®ll the space left by the absence of the base lesion opposite C20 (Figure 7 ). Intercalation of aromatic or aliphatic amino acid residues in DNA duplexes has been observed for several proteins involved in base excision repair (Scha Èrer and Jiricny, 2001) . Thus, E.coli AlkA and human ANPG intercalate their L125 and Y162, respectively, between the base pairs¯anking thē ipped-out AP site ring (Lau et al., 1998; Hollis et al., 2000) . hOGG1 also intercalates the aromatic residue Y203, in addition to N149 (Bruner et al., 2000) . On this structural basis, we propose that the intercalation of F111 and M75 in DNA by Fpg contributes to the sharp DNA bend. It pushes the AP site out of the DNA helix while R109 stabilizes the local DNA conformation by partially reconstituting a pseudo-Watson±Crick interaction with C20 ( Figure 8 ). Another consequence of the R109±C20 interaction is that it keeps C20 intrahelical, thus avoiding the collapse of the DNA helix at the lesion site.
Recognition of the pyrimidine opposite the AP site
The R109±C20 interaction involves a weak hydrogen bond between the Nh2 of R109 and the N3 of C20 (distance 3.37 A Ê ) and an essential hydrogen bond between the Ne of R109 and the O2 of C20 (distance 3.18 A Ê ) ( Figure 8 ). A similar hydrogen bond could occur between the Ne group of R109 and the carbonyl group of a thymine (T) as the opposite base, without affecting the environment around the lesion. These structural observations give new insights into the Fpg preference for a pyrimidine opposite an 8-oxoG or an AP site Tchou et al., 1994) . As already demonstrated by biochemical studies, this structure predicted that the worst candidate for the opposite base would be a purine, since standard purines do not display a carbonyl group at position 2 on their Watson±Crick faces. Besides, replacing the estranged cytosine by a purine would induce a steric hindrance and prevent the proper intercalation of the Fpg triad even in the case of an AP site. Thus, we propose that a pyrimidine opposite the damaged base is a DNA structural determinant for the Fpg-speci®c recognition by contributing to the optimal conformation of the substrate. This kind of discrimination of the base opposite the lesion is not a general feature of glycosylases, although some of them adopt similar stringent strategies. hOgg1 exclusively speci®es a cytosine opposite the lesion (Guibourt et al., 2000) , establishing ®ve hydrogen bonds between the Fig. 8 . Recognition of the C20 opposite the Pr site by R109. Stereo view showing the intercalation of the Fpg triad by the minor groove and the pseudo-Watson±Crick interactions between R109 and C20. Hydrogen bonds are indicated by dashed lines. The atomic coordinates of the triad (M70/ R99/F101) from the free TtFpg have been superposed and are represented by green ball-and-sticks. The ®gure was generated by Molscript (Kraulis et al., 1991) and Raster3-D (Merritt and Murphy, 1994) . enzyme residues (R154, R204 and R149) and the estranged cytosine (Bruner et al., 2000) . These strong interactions are strictly speci®c for a cytosine. We can also notice the case of the G:T/U mismatch-speci®c glycosylase (Mug) that discriminates a guanine opposite T or U (Scha Èrer et al., 1997) . Mug establishes three hydrogen bonds with the widowed guanine de®ning the speci®c complementary strand interactions (Barrett et al., 1998) .
The substrate speci®city of Fpg includes the speci®c recognition of the lesion and, as we have just shown, the recognition of the estranged base. Interestingly, its structural homologue Endo VIII does not have the same substrate speci®city. This enzyme was ®rst identi®ed in E.coli as an Endo III-like enzyme that recognizes and removes oxidized pyrimidines (Jiang et al., 1997) . Thus, Endo VIII must accommodate, in its active site, a purine opposite the oxidized pyrimidine. This constraint implies the selection of a complementary strand discriminatory system, different from that of Fpg. In the crystal structure of Endo VIII bound covalently to DNA, the intercalated triad (Q69, L70, Y71) is formed by consecutive residues (Zharkov et al., 2002) . Conversely, in the Fpg±DNA complex, the intercalation involves two different regions of the N-terminal domain. Zharkov et al. (2002) mentioned that the opposite adenine is stabilized by a single weak hydrogen bond between the N3 and Q69. Therefore, in Endo VIII, there is no such discriminating element equivalent to the Fpg R109. In Endo VIII, any base opposite the oxidized pyrimidine is permitted without leading to unfavourable contacts with the protein. Recent work supporting this hypothesis (Hazra et al., 2000) showed that the wild-type Endo VIII is signi®cantly active in excising 8-oxoG paired with C, G or A, relative to the more canonical substrate dihydrouracil. Furthermore, quantitative analysis demonstrated that Endo VIII prefers a purine opposite 8-oxoG. As a matter of fact, a comparison of Endo VIII and Fpg models clearly illustrates the importance of the nature of the base opposite the lesion. In bacteria, the physiological signi®cance of a second 8-oxoG-DNA glycosylase that prefers removing 8-oxoG paired with G or A suggests that Endo VIII constitutes a fourth element of the GO system, already including Fpg, MutY and MutT (Michaels and Miller, 1992) . As proposed by Hazra et al. (2000) , the couple Fpg±Endo VIII would be the functional homologue of yOgg1±Ntg1(Ogg2) (Bruner et al., 1998) .
A model for base recognition
Recent evidence indicates that various DNA repair enzymes, including DNA methyl-transferases and DNA glycosylases, have devised an outstanding molecular mechanism to recognize and process their substrates (Roberts, 1995) . This general mechanism suggests that after speci®c recognition inside the DNA, the altered base is¯ipped out of the DNA helix, stabilized inside an enzyme pocket and ®nally is processed (Scha Èrer and Jiricny, 2001). In the Fpg±DNA crystals, the Pr site is extruded and makes van der Waals contacts with the strictly conserved residues G1 (or P1 for the wild-type Fpg), M75, I172, Y238 and one water molecule, w41 ( Figure 6 ). Additional atoms can probably be identi®ed in the binding site, as related to putative further interactions involved in the recognition of removable substrates (8-oxoG, Fapy or true AP sites). Using the model of 8-oxoG in a complex with hOgg1 (Bruner et al., 2000) , we superposed the deoxyribose linked to the oxidized base with the backbone (p 0 -O-C5¢-C4¢-C3¢-O-p ±1 ) of the Pr site and we modelled the 8-oxoG in an anti conformation in the Fpg-binding pocket, according to the hOgg1 model (in red, Figure 9 ). Nevertheless, the size and the nature of this pocket also allow the 8-oxoG to be ®t in a syn conformation (in green, Figure 9 ) requiring fewer rearrangements of the surrounding residue side chains. In LlFpg, this binding pocket would be lined by residues 1±5, 172±173 and 206±227, including the missing loop (I219±S227) (Figures 1 and 9 ) and a spontaneous cleavage site (B.Castaing, unpublished data). Previous electrophoretic analysis of the crystal contents showed that the crystallized enzyme was intact and, consequently, the disorder of the loop I219±S227 was related to intrinsic dynamics of this Fig. 9 . Stereo view of the model of the 8-oxoG in LlFpg and TtFpg. The C a backbones of LlFpg and TtFpg are represented in yellow and cyan, respectively. The lesion-containing strand is in red. 8-OxoG is modelled in an anti (red) or syn (green) conformation. The N-terminal amine of G1 (LlFpg) or P1 (TtFpg) is indicated by a yellow or cyan arrow, respectively. The missing loop of LlFpg is in the vicinity of the oxidized base. The intercalation residues in LlFpg are also indicated in the ®gure. L209 and Y214 belong to the TtFpg structure and are discussed in the text. The ®gures were generated by Molscript (Kraulis et al., 1991) and Raster3-D (Merritt and Murphy, 1994). region rather than to a spontaneous cleavage. These intrinsic dynamics could be explained by the presence of four glycine residues (G215, G216, G226 and G229) conserved among the Fpg sequences ( Figure 5 ). This exibility could allow the accommodation of various ligands of the enzyme. Interestingly, the homologous region (215±222) in the E.coli Endo VIII±DNA model is also missing (Zharkov et al., 2002) and its sequence diverges signi®cantly from those of the`true' Fpgs, suggesting the implication of this loop in the substrate speci®city of Fpg and Endo VIII. Among the Fpg sequences, few residues of this region are conserved, but two positions are always occupied by small aliphatic and aromatic residues, respectively (I219 and Y222 in LlFpg, L209 and Y214 in TtFpg, and L216 and F219 in EcFpg; Figure 5 ). The model of the free TtFpg provides a better resolved view of the active pocket region since the complete polypeptide chain was entirely built (Sugahara et al., 2000) . In the TtFpg structure superposed with the DNA of LlFpg±DNA, the modelled oxidized base would be stabilized between the aryl ring of Y214 (Y222 in LlFpg) and the aliphatic side chain of L209 (I219 in LlFpg) ( Figure 9 ). Stabilization of the¯ipped out base by aromatic and hydrophobic side chains in the enzyme-binding pocket is common to glycosylases (Scha Èrer and Jiricny, 2001) .
Some proton donor/acceptor groups present inside the Fpg-binding pocket may also play a role in the speci®c recognition of the substrates, as illustrated in the hOgg1±DNA model, by the speci®c hydrogen bond between the carbonyl group of G42 and the N7 of 8-oxoG. Moreover, in hOgg1, the architecture of the lesion-binding pocket could be rearranged signi®cantly by the binding of the substrate (Bruner et al., 2000; Norman et al., 2001) . The size of the base recognition pocket of hOgg1 is greater when the enzyme is bound to an AP site than to an 8-oxoG (Norman et al., 2001) . In the structure of LlFpg±DNA, the¯exible region 219±227 could correspond to a relaxed state of the active site pocket in the absence of the oxidized base.
Structural interpretations of the deleterious effects of the Fpg mutations
The ®rst residues suspected to play a catalytic role are the six N-terminal residues (PELPEV) strictly conserved in the Fpg family and, more especially, P1, E2, P4 and E5, which are also conserved in Endo VIII (PEGPEI) ( Figure 5 ) (Lavrukhin and Lloyd, 2000; Sidorkina and Laval, 2000; Burgess et al., 2002; Zharkov et al., 2002) . Evidence for a covalent Schiff base intermediate mediated by the amine of P1 allowed us to locate, unambiguously, the N-terminal residues in the enzyme active site (Zharkov et al., 1997) . We solved the structure of the P1G-LlFpg bound to an AP site-containing DNA. Although P1G-LlFpg binds to DNA speci®cally with the same af®nity as the wild-type enzyme (Table I) , this mutant is strongly affected in catalysis, especially in the bd-elimination process (cleavage assay, Figure 10A ). The P1G-LlFpg mutant is still able to form a covalent Schiff base intermediate with the resulting AP site (trapping assay, Figure 10A ). Nevertheless, the wild-type LlFpg cleaves 8-oxoG-containing DNA, 700-and 2000-fold more quickly than does the P1G-LlFpg mutant, at the 3¢ side and successively at the 3¢ and 5¢ sides of the resulting AP site, respectively ( Figure 10B ). Both binding and cleavage experiments suggest that P1 of Fpg is required for catalysis optimization but not for speci®c DNA recognition. In the Fpg±DNA structure, the C1¢ of the modelled 8-oxoG (Figure 9 ) would be positioned at 3.1 A Ê from the amino group of P1 in the complex modelled with TtFpg and at 2.4 A Ê from that of G1 in the P1G-LlFpg (cyan and Castaing et al. (1993 Castaing et al. ( , 1999 . 2 and 3) , respectively. DNA incubation products were analysed by 7 M urea/20% SDS±PAGE (`13mer GO cleavage assay'). The same samples were incubated in the presence of 0.1 M NaBH 4 and analysed by SDS±PAGE (`13mer GO trapping assay'). The 13mer GO was for the intact DNA substrate, and 6merAP (1) and 6mer (2) for the b-and bd-elimination products, respectively. (B) Time course of the 13mer GO/C cleavage. The DNA duplex was incubated as described in (A) in the presence of the limited protein concentrations indicated. At various times, samples of each incubation mixture were analysed by 7 M urea/20% SDS±PAGE. After gel autoradiography, quanti®cations were performed as described by Castaing et al. (1993) .
Crystal structure of a L.lactis Fbg±DNA complex yellow arrows, respectively, Figure 9 ). Superposition of the wild-type and mutant structures does not give any hints relative to their activity differences. The catalytic amino groups of P1 and G1 are very close (Figure 9 ). Whereas proline is the unique amino acid with a secondary amine, glycine is the unique amino acid without an asymmetrical C a and which displays a wide spectrum of F and Y angles. We suppose that, in P1G-Fpg, the free rotation around the N±C a bond of the N-terminal amino group is partly responsible for the loss of activity. Statistically, the amino group of G1 would not be orientated properly for catalysis, which may explain why this mutant is altered in the rate of reactions but not in the substrate recognition. Because acidic residues were suspected to play a key role in the acid±base mechanism of glycosylase (Scha Èrer and Jiricny, 2001), they were also targeted systematically by mutagenesis (Lavrukhin and Lloyd, 2000) . Among these, the E.coli E173Q and E2Q mutants (E176 and E2 in LlFpg) exhibit a severe de®ciency in their glycosylase activity. In the structure, E176 (E173 of EcFpg) contributes towards maintaining the hinge formed by residues 235±238 in the vicinity of the active site. Indeed, this region is functionally important since Y238 interacts with the phosphate p 0 at the 5¢ side of the lesion (Figure 6 ). Y238 and V237 are also located in the vicinity of the hydrophobic side of the putative oxidized base pocket (Figure 9 ). It is therefore plausible that disturbing this region would affect the binding of the damaged base and consequently the glycosylase activity. However, the special geometry of this region is not essential for the AP lyase activity (Lavrukhin and Lloyd, 2000) . On the other hand, E2 does not interact with the phosphate backbone of DNA, but its side chain points towards the active site ( Figure 6 ). The carboxylate oxygen can make two hydrogen bonds with the backbone amides of the conserved G170 and Y173, and two other hydrogen bonds with the backbone amide of the conserved I172 and one water molecule (w41, Figure 6 ). The introduction of two-proton donor groups (E2Q and E176Q mutants) in this environment would therefore certainly disrupt the local hydrogen bond network and consequently disturb the optimal orientation of the oxidized purine in its binding pocket. In addition, the recent crystal structure of a trapped complex Endo VIII±DNA (Zharkov et al., 2002) showed that E2 and a water molecule make two hydrogen bonds with the C4¢-OH of the ring-opened AP site covalently bound to the enzyme, suggesting that E2 is essential in stabilizing the structural conformation of the substrate during the catalytic process. This observation explains why the noncyclic reduced AP (redAP) site analogue is the best ligand of Fpg and con®rms our previous hypothesis about Fpg recognition of the C4¢-OH of the redAP site analogue (Castaing et al., 1999) . Surprisingly, only the glysosylase activity of the E2 mutants in Fpg and Endo VIII is strongly affected, suggesting that the recognition of the C4¢-OH is not essential for the AP lyase process and that the opening of the AP site ring occurs before Schiff base formation and, consequently, before the glycosylase process (Lavrukhin and Lloyd, 2000; Burgess et al., 2002; Zharkov et al., 2002) .
Targeted mutagenesis on the conserved basic residues of the E.coli enzyme has also been performed (Rabow and Kow, 1997; Sidorkina and Laval, 1998) . Among these mutations, K157A and K57G exhibited dramatically reduced 8-oxoG binding and 8-oxoG glycosylase activity. These two conserved lysines are located on both sides of the active site pocket of Fpg. Although K157 was proposed for a direct interaction with the O8 atom of 8-oxoG, it is dif®cult to suppose that it could interact directly with the damaged guanine. K157 is located far from the modelled 8-oxoG and makes hydrogen bonds with the N171 (Od1) of the H2TH motif, the G261 (O) and the T262 (Og1) of the zinc ®nger interacting with the phosphodiester backbone around the lesion. In our model, K57 interacts with the backbone carbonyl of L169 and with two adjacent phosphate groups (p ±1 and p ±2 ) at the 3¢ side of the AP site (Figures 4 and 6) . The role of K57 rather would be to help maintain the bend of the DNA in the lesion region. Comparison with the free enzyme shows that DNA binding does not affect the conformations of these two lysines. K157 and K57 therefore play a key role in maintaining the architecture of the DNA and that of the enzyme since they interconnect the different subdomains of Fpg (Sugahara et al., 2000) . Therefore, changing these charged residues to alanine or glycine certainly affects the position of the substrate as well as the relative positions of the Fpg domains, inducing critical changes in the binding and, consequently, in the catalysis.
Conclusion
The crystal structure of Fpg bound to a Pr-containing DNA highlights the Fpg and DNA structural features required to form a stable and non-covalent speci®c complex prior to the Schiff base formation. Based on biochemical and structural data, the DNA binding strategy selected by Fpg, taking place before the formation of the imino enzyme±DNA intermediate, can be subdivided into four steps: (i) through a non-speci®c complex, Fpg slides along the DNA examining the major groove; (ii) by an unknown mechanism, Fpg recognizes speci®cally in DNA the base modi®cation emerging from the major groove; (iii) Fpḡ ips out the damaged base by the major groove, intercalating M75, R109 and F111 via the minor groove, while the R109 stabilizes the opposite cytosine in an intrahelical conformation; and, ®nally, (iv) Fpg locks the damaged base inside its active site and processes it. All these steps are essential for substrate recognition by Fpg. According to this Fpg binding scheme, the structure of the non-covalent complex that we describe here elucidates the third step, proposes a model for the fourth step and suggests a molecular mechanism for understanding the divergence between Fpg and its structural homologue Endo VIII. However, access to the complete scenario of the base excision reaction by Fpg (concerning especially the base recognition and catalytic process) requires further high-resolution structures in which the enzyme would be associated with other substrates or substrate analogues and transitory or ®nal products.
Materials and methods

DNA and proteins
The wild-type LlFpg and the P1G-LlFpg mutant were puri®ed as previously described (Pereira de Je Âsus et al., 2002) . The selenomethionylated (Se) P1G-LlFpg was prepared according to the procedure described by Van Duyne et al. (1993) , except that immediately prior to the isopropyl-b-D-thiogalactopyranoside (IPTG) induction, 0.01 mM of zinc acetate was added. The (Se)P1G-LlFpg was puri®ed as the native enzyme (Pereira de Je Âsus et al., 2002) , concentrated to 6±10 mg/ml and stored at ±80°C in 10 mM HEPES/NaOH pH 7.6, 100 mM NaCl, 5% glycerol, 1 mM TCEP, 0.1 mM phenylmethylsulfonyl¯uoride (PMSF).
All the 13mer single-stranded oligonucleotides were purchased from Eurogentec (Belgium), except for the oligomer containing the GO lesion given by Drs D.Gasparutto and J.Cadet (CEA, Grenoble): CTCTTTXTTTCTC (13mer X) and GAGAAACAAAGAG (13mer C), with X = G (guanine), GO (8-oxoguanine) or Pr. After puri®cation, 13mer X was annealed with the complementary strand, the 13mer C, to generate 13mer X/C duplexes. For glycosylase/lyase assays, trapping assays and electrophoretic mobility shift assays (EMSAs), the 13mer X was 5¢-32 P-labeled before annealing as previously described (Castaing et al., , 1999 .
Crystallization
The DNA±protein complex was prepared by mixing the 13mer Pr/C duplex in a 1.3 molar excess with (Se)P1G-LlFpg. Crystals were obtained at room temperature using the hanging drop method under the following crystallization conditions: 28% PEG 4000, 0.2 M LiSO 4 , 0.1 M Tris±HCl pH 7.7, 1 mM [Tris (carboxyethyl) phosphine] TCEP, and 2 mM spermidine. Small plate-shaped crystals appeared after a few days and were used for growing larger crystals by micro-seeding. These crystals are monoclinic and belong to the P2 1 space group (with unit cell dimensions of a = 69.88 A Ê , b = 62.03 A Ê , c = 80.97 A Ê , b = 104.7°, assuming two molecules of the complex per asymmetric unit).
Data collection
Among these crystals, a few grew as single crystals, and selection of the good candidates depended on the quality of the diffraction pattern obtained on our laboratory rotating anode. Before exposure to X-rays, the crystals were soaked in 20% glycerol, 28% PEG 4000, 0.2 M LiSO 4 , 0.1 M Tris±HCl pH 7.7, mounted on a cryo-loop and ®nally frozen directly in liquid nitrogen. High resolution experiments were conducted at 100 K and at three wavelengths (l = 0.9798, 0.9796 and 0.9778 A Ê ) using synchrotron radiation (Beamline BM30 at ESRF) and a MarCCD detector at 100 K (details on data collection are presented in Table II ). Each data set was integrated with DENZO (Otwinowski and Minor, 1997) and reduced by SCALA (Evans, 1993) . Scaling between the different data sets was performed according to the protocol written by Phil Evans, i.e. scaling factors were calculated previously from the three merged wavelength data, then applied to each data set. Conversion of I to F was performed with TRUNCATE, and each wavelength was scaled to every other by SCALEIT. Other calculations were carried out with the CCP4 suite of programs (Collaborative Computational Project 4, 1994) .
Phasing
Anomalous signal. Inspection of the anomalous difference Patterson maps did not clearly show peaks corresponding to the expected eight selenium peaks. However, analysis of the anomalous signal at the selenium peak absorption (l = 0.9796 A Ê ) by SnB (Weeks et al., 1994) led to a solution for eight selenium atoms. Using these positions, we calculated multiple amorphous displacement (MAD) phases with SOLVE (Terwilliger and Berendzen, 1999 ) to a 2.5 A Ê resolution and applied the electron density modi®cations implemented in DM (Cowtan and Main, 1993) . However, it was still not obvious to build a polypeptide chain in the resulting electron density map.
Molecular replacement. Thermus thermophilus Fpg (PBD code: 1EE8) was used as a research model, and data collected at the selenium anomalous peak were selected for the molecular replacement. MOLREP (Vagin and Teplyakov, 2000) gave a possible solution for two molecules of TtFpg per asymmetric unit (R-factor = 0.56, correlation = 0.25 for data between 25 and 3.0 A Ê ). We calculated a set of phases from this molecular replacement solution and used these phases to calculate a difference anomalous Fourier map. This map clearly showed eight peaks located inside the two molecules. Comparison of the T.thermophilus and L.lactis Fpg primary sequences indicated that the location of these eight peaks was ®tting the position of the expected methionines in the L.lactis enzyme and consequently that the molecular replacement solution was correct. Moreover, the eight selenium positions deduced from the molecular replacement solution were also correlated to the atomic positions given by SnB.
Building of the model. The positions of the selenium atoms were used to calculate MAD phases with SOLVE (®gure of merit: 0.43 for all the data). Both sources of phases (MAD and molecular replacement) were combined with SIGMAA (Read, 1986) until 2.5 A Ê resolution. The quality of the combined phases was improved using the options implemented in DM (density averaging, solvent¯attening and histogram matching). At this stage, the resulting map clearly showed the density of the missing DNA for each molecule of Fpg. Building of the whole 13mer Pr/C and of the polypeptide chains was performed on the SGI-octane with the O program (Jones et al., 1991) .
Re®nement
The re®nement of the structure was performed by CNS (Bru Ènger et al., 1998) with all the data between 25 and 2.5 A Ê . Ten per cent of the data were selected randomly and excluded from the re®nement procedure (Bru Ènger, 1992) . It was possible to build most of the polypeptide chain using the MAD/molecular replacement map. This ®rst model was then submitted to a whole cycle of simulating annealing (at 2500 K) followed by some minimization energy cycles, considering strong non-crystallographic symmetry (NCS) restraints between the two Fpg molecules (Rfactor = 0.347 and R free = 0.395). One zinc atom was then added to each enzyme and the whole DNA was built step by step and also included in the NCS restrains. The duplexes were re®ned by simple energy minimization followed by B-group re®nement (two B-values per residue or nucleotide describing the backbone and the side chain atoms, respectively). Two glycerol molecules and 59 water molecules were added progressively to the model, and the NCS restraints between the two complexes were reduced to the core of the proteins. Finally, the individual isotropic B-factors were re®ned. The crystallographic R-factors of the ®nal model are R-factor = 0.251 and R free = 0.285 for the data between 25 and 2.5 A Ê . The ®nal model consists of two polypeptide chains corresponding to residues 1±218 and 227±261 (loop 219±227 is missing in both molecules), two 13mer DNA duplexes, 59 solvent atoms, one zinc atom per polypeptide chain and one glycerol molecule per complex. Detailed statistics on the quality of the model are presented in Table II . Analysis of the Ramachandran plot shows that 89% of the residues are located in the most favoured zones (PROCHECK; Laskowski et al., 1993) , the outsider residues being located in the regions corresponding to the fuzzy electron densities. R.m.s.ds are 0.007 A Ê and 1.40°on bonds and angles, respectively.
Accession numbers
The atomic coordinates of the LlFpg±DNA complex have been deposited in the Protein Database under the accession code 1KFV. where I i is the intensity of the ith observation and <I> the mean intensity of the re¯ection. b R ano is the measure of the mean relative anomalous difference between the Bijvo Èet pairs de®ned as: S|I(+) ± I(±)|/S|<I(+)> + <I(±)>|.
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